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CONTROL APPARATUS FOR ELECTRIC
POWER STEERING SYSTEM

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention generally relates to a control appa-
ratus for an electric power steering system in which a
steering system of an automobile or a vehicle 1s provided
with a steering assist force generated by a motor. More
particularly, the mnvention relates to a control apparatus for
an electric power steering system 1n which convergence of
a yaw rate of a vehicle 1s ensured.

2. Description of the Related Art

An electric power steering system for assisting a steering
system of an automobile or a vehicle by a motor torque
operates 1n such a manner that a steering shaft or a rack shaft
1s assisted by a driving force of the motor through a speed
reducer using a transfer mechanism, such as a gear or a belt.
The known electric power steering system performs feed-
back control of motor current to accurately generate an assist
torque (steering assist torque). The feedback control 1s used
for adjusting voltage 1mpressed on the motor so that the
difference between a current control value and a motor
current detected value decreases. In general, the adjustment
of the voltage 1mpressed on the motor 1s performed by
adjusting a duty ratio of pulse width modulation (“PWM?”)
control. Referring now to FIG. 1, a general structure of an
clectric power steering system 1s shown. A shaft 2 of a
steering wheel 1 1s connected to a tie rod 6 of a vehicle wheel
through a speed reduction gear 3, universal joints 4a and 4b,
and a pinion rack mechanism 5. A torque sensor 10 for
detecting a steering torque of the steering wheel 1 1s pro-
vided on the shaft 2. A motor 20 for assisting a steering effort
of the steering wheel 1 1s connected through a clutch 21 and
the speed reduction gear 3 to the shaft 2. A battery 14
supplies electric power through an ignition key 11 and a
relay 13 to a control unit 30 that controls the power steering
system. The control unit 30 computes a steering assist
command value I of an assist command based on a steering
torque T detected by the torque sensor 10 and a vehicle
velocity V detected by a velocity sensor 12, and controls the
current to be supplied to the motor 20 based on the computed
steering assist command value I. The control unit 30 per-
forms ON/OFF control of the clutch 21. The clutch 21 1s
normally in an ON condition (engaged). However, the clutch
21 1s in an OFF condition (disengaged) when the control unit
30 determines that the power steering system 1s at fault, or
the power supply from the battery (voltage Vb) is cut-off by
the 1gnition key 11 or the relay 13.

The control unit 30 consists mainly of a CPU. FIG. 2
illustrates general functions executed in the CPU by a
program. For example, a phase compensator 31 does not
represent a phase compensator as an independent hardware
component; rather, 1t represents a phase compensating func-
tion executed 1n the CPU. The function and the operation of
the control unit 30 are described below. The torque sensor 10
detects a steering torque T and mputs i1t to the phase
compensator 31. The inputted steering torque T 1s phase-
compensated for by the phase compensator 31 to enhance
the stability of the steering system. Then the phase-
compensated steering torque TA 1s mputted to a steering
assist command value computing unit 32. The vehicle veloc-
ity V detected by the velocity sensor 12 1s further inputted
to the steering assist command value computing unit 32. The
steering assist command value computing unit 32 deter-
mines the steering assist command value I, which 1s equiva-

10

15

20

25

30

35

40

45

50

55

60

65

2

lent to a control target value of the current to be supplied to
the motor 20, based on the mputted steering torque TA and
the velocity V. Then the steering assist command value I 1s
mputted to a subtractor 30A as well as to a differential
compensator 34 of a feed-forward system for increasing a
response speed. A deviation (I-1) determined by the subtrac-
tor 30A 1s mnputted to a proportional computing unit 35 and
to an integral computing unit 36. The proportional output
and the integral output are both inputted to an adder 30B.
The integral computing unit 36 1s used for 1mproving
characteristics of a feedback system. The outputs of the
differential compensator 34 and the integral computing unit
36 also are mnputted to the adder 30B. As a result, all the
inputs to the adder 30B add up to a current control value E.
The current control value E 1s inputted as a motor drive
signal to a motor drive circuit 37. Finally, a motor current
value 1 of the motor 20 1s detected by a motor current
detecting circuit 38, which 1n turn 1s fed back through the
subtractor 30A.

Now referring to FIG. 3, an example of the structure of the
motor drive circuit 37 1s shown. The motor drive circuit 37
includes a field-effect transistor (“FET”) gate drive circuit
371 for driving each gate of FET1 to FET4 based on the
current control value E from the adder 30B, an H-bridge
circuit including FET1 to FET4, and a booster power supply
372 for driving a high side of FET1 and FET2. The FET1
and FET2 are switched between an ON condition and an
OFF condition by a PWM signal of a duty ratio D1, which
1s determined based on the current control value E, thereby
controlling the current Ir actually supplied to the motor 20.
The FET3 and FET4 are driven by a PWM signal of a duty
ratio D2, which 1s defined by a predetermined linear function
formula (given constants a and b, D2=a-D1+b) in a region
where the duty ratio D1 1s of a small value. After the duty
ratio D2 has reached 100%, FET3 and FET4 are switched
between an ON condition and an OFF condition 1n accor-
dance with a rotation direction of the motor 20, which 1s
determined based on the sign of the PWM signal.

There are known electric power steering systems that
generate a moderate response 1n quick steerage of a vehicle.
An example of such electric power steering systems 1s
shown 1n Japanese Patent Publication No.45-41246. The
Japanese Patent Publication No.45-41246 describes an appa-
ratus which i1ncludes a torsion torque sensor for detecting a
torsion torque of a steering shaft when turning a vehicle. In
response to the output signal of the torsion torque sensor, the
apparatus controls a rotation direction and a rotation torque
of an electric motor. However, the above known control
apparatus for the electric motor has problems as below.
When the output of the control apparatus i1s set at a high
level, convergence of a steering wheel 1n hand-off steerage
of the vehicle deteriorates due to inertia of the control
system. In addition, when quickly steering the vehicle
around a sharp curve, a driver generally feels more com-
fortable 1f there 1s a moderate response to the steering wheel.
Nevertheless, the above known electric power steering sys-
tem does not 1nclude a unit for compensating for an assist
steering force (power assist) in accordance with the steering
speed. Hence, when making a sharp turn around a curve
having a small radius, the driver feels insecure because the
steering wheel feels too light.

To solve the above problems, a motor control apparatus,
such as disclosed 1n Japanese Patent No.2568817, 1s pro-
vided wherein brake i1s applied based on the steering angle
of a steering wheel. Speciiically, the motor control apparatus
for an electric power steering system controls rotation
direction and rotation torque of an electric motor that
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provides a steering mechanism with an assist steering force
in accordance with a command signal based on the output
signal of a torsion torque sensor for detecting a torsion
torque of the steering system. The motor control apparatus
includes a detector for detecting a steering angular velocity
in the steering system, a steering angle phase-compensating
command unit for generating a damping signal, which
defines rotation torques 1n both the steering forward direc-
tion and the backward direction, in accordance with the
steering angular velocity, and a drive control unit for con-
trolling the rotation direction and the rotation torque of the
electric motor 1n accordance with a command signal which
1s the sum of the damping signal and the command signal
determined based on the torsion torque signal of the steering
system.

However, the above known apparatus generates a rotation
forque, 1n response to the steering angular velocity, in the
direction opposite to the steering forward direction, and
brakes a change 1n the steering angle, thereby leading to the
following problems. Specifically, because the apparatus
directly brakes change 1n the steering angle, there 1s a risk
that yawing of the vehicle diverges. In addition, the yawing
of the vehicle 1s asynchronous with the steering angle, which
causes an unnatural steerage feeling for a driver. Further,
because the brake 1s directly applied to resist the change in
the steering angle, the rate of convergence responding to the
cffort on the steering wheel 1s slow, during which the vehicle
moves laterally, thus resulting in a dangerous situation.

SUMMARY OF THE INVENTION

Accordingly, 1t 1s an object of the present invention to
provide a control apparatus for an electric power steering,
system for applying brake on a yaw rate of a vehicle to
ensure convergence ol the yaw rate, by generating a con-
vergence signal for converging the yaw rate based on a
relation between a steering angle of the electric power
steering system and the yaw rate of the vehicle, thus
ensuring convergence ol the yaw rate without discomforting
the driver.

To this end, according to the present invention, there 1s
provided a control apparatus for an electric power steering,
system for controlling a motor that provides a steering
mechanism of a vehicle with a steering assist force. The
control apparatus mncludes a first computing unit for com-
puting a steering assist command value based on a steering,
torque generated on a steering shaft, a second computing
unit for computing a current control value from the steering,
assist command value and a motor current value, a control
unit for controlling the motor based on the current control
value, a detecting unit for detecting a rate of change 1 a yaw
rate of the vehicle, and a damping unit for applying damping
on the yaw rate based on the rate of change.

The detecting unit may include a steering angular velocity
computing unit and a yaw rate differential estimating unit.

The present mnvention will be more fully understood from
the following description of the preferred embodiment with
reference to the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

In the accompanying drawings:

FIG. 1 1s a block diagram of an example of an electric
power steering system;

FIG. 2 1s a block diagram of a general internal structure
of a control unit;

FIG. 3 1s a connecting diagram of an example of a motor
drive circuit;
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FIG. 4 1s a block diagram of an example of the structure
of the present 1nvention;

FIG. 5 1s an 1llustration of a modeled automobile;

FIG. 6 1s a block diagram of the model shown in FIG. 5
in a transfer function;

FIG. 7 1s a block diagram of a feedback system of a motor
torque and a yaw rate v;

FIG. 8 1s an illustration of frequency characteristics of a
transfer function G(s);

FIG. 9 1s a block diagram of the structure of a conver-
gence system according to the present invention;

FIG. 10 1s an illustration of an equivalent circuit of the
structure shown 1n FIG. 9; and

FIG. 11 1s an 1llustration of effects of a yaw rate conver-
gence control.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENT

Generally, dynamic characteristics of an automobile can
be expressed by the following expression 1 using a two-
wheel model, given 3 as a slip angle, vy as a yaw rate (yaw
speed), d as an actual steering angle, and A, to A,,, B, and
B, as constants where speed 1s assigned as a parameter:

ap (1)
di | Al A |l B B,
— + 0
ﬂ A Ax |l Y B,
dr

The above expression (1) is simplified using matrices A
and B to expression (2):

(2)

=A|’8 + Bo
Y

A self-aligning torque (Ts) which operates in a movement
of a vehicle is expressed as expression (3):

(3)

TS:C|ﬁ + Do
Y

Using the above expressions (1) to (3), transfer charac-
teristics 1 which the actual steering angle o 1s the mnput and
the self-aligning torque Ts 1s the output can be obtained from
the following expressions 4 and 5, given I as a 2x2 unit
matrix, s as a Laplace operator, and a,, a,, ¢c,, by, b, Cc;, and
C, as constants where speed 1s assigned as a parameter:

Ts(s) ={C(s-1 =AY -B+ D}-8(s) (4)

={(C.—_)-52 + ¢y -5+c2)/(52 +ay -5+ ar)}-ols)

y(s) ={[0 1](s-1—=A)""-B}-&(s) ()

={(bo-s+b))[(s* +a;-s+ay)} 5s)

Referring now to FIG. 5, a vehicle model 1s shown. A
steering effort of a driver 1s represented by Th and a
column-shaft-reduced value of a torque generated by a
motor, 1.€., the motor torque 1 terms of the torque acting on
the column shaft, by Tm. A resonance system including a
torsion bar spring of the electric power steering has the
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natural frequency more than ten times as high as the natural
frequency of v and, hence, may simply be taken as a rigid
body. Given g as a speed increasing ratio of a pinion rack,
and J as a constant including handle inertia, motor inertia,
and a speed reduction ratio, the model shown 1 FIG. § can
be understood to have the transfer characteristics repre-
sented by blocks shown in FIG. 6. Referring now to the
block diagram shown 1n FIG. 6, the transfer characteristics
from the column-shaft-reduced value Tm to the output o are
obtained as:

1 (6)
5s) ]
Tm(s) 1,8 Co S +ci-S+c¢o

S24a-s+a

52+£11'S+£12

- (g-co+Ns*+(g-cy+J-a)ds+(g-cr+J-a)

Using the above expression (6), the transfer characteris-
fics from the column-shaft-reduced value Tm to the yaw rate
v are simplified to:

Y(s) s° + ay; s + ap (7)

Tm(s) (g-co+J)s2+(g-ci +J-a1).5*+(g-r32+1-a2).

bD'S+bl

sS24+a-S+an

B bo-s + by
C(grco+ N2+ (gey+da)s+ (g +J-ap)

Expression (7) demonstrates that feeding back *y (a
differential of v) produces a damping effect on the yaw rate
v, 1.6., an 1mproved convergence of the yaw rate. Let us
consider a system, such as shown 1n FIG. 7, which performs
a predetermined feedback of the column-shaft-reduced
value Tm of the motor output torque by means of a signal
incorporating the yaw rate v.

The block diagram shown 1n FIG. 7 leads to the follow-
Ing:

bo-s+ by (8)
yis) (g-co+I)s*+(g-cr+J-a))s+(g-cr+J-ap)
This) bo -5 + by

1 +

- P(s
(g-co+D)s?+(g-cr+J-a)s+(g-cr +J-an) (5)

Letting Kd be a feedback gain of the yaw rate v and
putting it as P(s)=Kd-s/(by-s+B;), expression (8) can be
expressed as:

yis) by -5+ b 9)
This) (g-co+)s2+(g-ci+J-a1+Kd)s+(g-cr+J-a)

The difference between expression (7), which is before
feeding back the yaw rate v, and expression (9) is an addition
of the gain Kd to the second term (linear term of s) of a
denominator in expression (9). Hence, damping in accor-
dance with the feedback gain Kd of the yaw rate v 1s applied
on the transfer characteristics from the steering torque Th to
the yaw rate v, thereby improving the convergence of the
vehicle behavior 1n hand-off steerage of the vehicle.

It will next be described that an increase 1n a positive
constant of the linear term of s will cause an increase in
damping. The characteristics of a transfer function G(s)=
m/(c's“+2C-m-s+m”) are gain 1, the natural frequency w, and
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damping C, showing the frequency characteristics as in FIG.
8. In the transfer function, the damping C appears only in the
linecar term of s. Comparing expressions (7) and (9), the
natural frequency w 1s the same 1n the defined constant terms
in denominators; the only difference 1s an increase in the
linear term of s of the denominator in expression (9). Hence,
it can be concluded that there 1s an increase 1n damping from
expression (7) to expression (9). Thus, a feedback value to
the motor torque is expressed as expression (10):

Tmi(s) =1Kd -s[(by s+ by)}-y(s) (10)

={Kd [(Dy -5+ by)}-=xy(s)

In other words, it 1s understood that feeding back the
differential *y(s) of the yaw rate to the column-shaft-reduced
value Tm of the motor torque allows application of damping
on the yaw rate v.

Heretofore, a method for measuring the yaw rate vy to
compute the differential *v of the yaw rate and feeding 1t
back to the column-shaft-reduced value Tm of the motor
torque has been described. Now, a method for estimating *v
and feeding 1t back to the column-shaft-reduced value Tm of
the motor torque 1s described below. Generally the electric
power steering system either measures or estimates a motor
angular velocity *0 to perform a control to compensate for
the influences of motor 1nertia and friction. A system which
outputs the yaw rate v 1n response to the input of the actual
steering angle O has the transfer characteristics expressed as
expression (11):

Y(8)/d(s)=(bys+by)/(s"+a, s+a,) (11)

Assuming h 1s a speed reduction ratio and thus d=h-0(s),
the following can be concluded:

Y(8)={(bys+b,)/(s*+a"s+a,) }-0(s)

v(s)={(bys+b,)/(s*+a,-s+a,) }-h-0(s) (12)

Hence, the following can be derived by differentiating the
expression (12):

*(s)={(bys+b,)/(s*+a,s+a,)} h-*0 (13)

Substituting an estimated value #0(s) for the motor angu-
lar velocity *0(s), it is possible to estimate *y(s) using the
following expression (14):

#y(s)={(bys+b,)/(s*+a,-s+a,) }-h-#0(s) (14)

Here, #y(s) 1s estimation of *vy(s). Hence, it is expressed as
expression (15):

Im(s) =1Kd [(Dg-s+by)}- =y(s) (15)

={Kd [(bg-s+by)}-#y(s)
:{(bﬂ-5+bl)/(sz +ay-s+a)t-h-{Kd /[ (by-s+ b))} -#O(s)

={h-Kd[(s* +ay -5+ a)}-#0(s)

Using the motor angular velocity estimated value #0 to
compute expression (15), the column-shaft-reduced value
Tm of the motor torque 1s defined. It 1s therefore possible to
achieve the same effect as that obtained through the deter-
mination of the differential *y(s).

Referring now to FIG. 4 corresponding to FIG. 2, an
example of the structure of the present mvention 1s 1llus-
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trated. A motor angular velocity estimating unit 301 1n a
control unit 30A estimates a motor angular velocity o from
a current control value E (corresponding to a voltage across
motor terminals) and a motor current value i. The estimated
motor angular velocity w 1s mputted to a loss torque com-
pensator 303 and to a convergence controller 340. The
output of the loss torque compensator 303 1s inputted to an
adder-subtractor 30A. The loss torque compensator 303
performs an assist to make up for a loss torque of a motor
20 1n the direction where the loss torque of the motor 20 1s
ogenerated, 1.e. a rotation direction of the motor 20. The
convergence controller 340 1includes a steering angular
velocity computing unit 341, which computes a steering,
angle O from the motor angular velocity o, and a yaw rate
differential estimating unit 342, which outputs a conver-
gence signal CN for converging the yaw rate based on the
steering angular velocity *0. The convergence signal CN 1s
inputted to the adder-subtractor 30A as a feedback. In
addition, the motor angular velocity w 1s mputted to a motor
angular acceleration estimating unit (differentiator) 302 to
estimate a motor angular acceleration, which in turn 1is
inputted to an 1nertia compensator 305. The 1nertia compen-
sator 305 outputs a compensation signal, which 1s then
inputted to the adder-subtractor 30A. The 1nertia compen-
sator 305 1s used for assisting the equivalent of a force
ogenerated by 1nertia of the motor 20, thereby preventing any
inertia feeling or deterioration 1n the control response.
Firstly 1in the present invention, the steering angular
velocity computing unit 341 computes the steering angular
velocity *0 from the motor angular velocity w. Since the
motor angular velocity w 1s approximately proportional to
the steering angular velocity *0, the steering angular veloc-
ity *0 1s easily computed from the motor angular velocity m.
The yaw rate differential estimating unit 342 obtains a rate
of change 1n the yaw rate v of the vehicle from the steering
angular velocity *0. In general, a relation between the

steering angle 0 and the yaw rate v 1s expressed as expres-
sion (16)

v(s)={(bys™s+b;-s+b,)/(s"+a, s+a,) }-0(s)by/(s*+a "s+a,)'0(s) (16)

™

Both members of expression (16) are differentiated, and

the following 1s obtained:

*y(s)=bo/(s”+a; s +a,)*6(s) (17)

In other words, the rate of change *v 1s obtained from the
steering angular velocity *0(s) using expression (17). Here,
the natural frequency of the transter characteristics of the
torque to the steering angle 1n a mechanical system of the
steering system 1s about ten times as high as the natural
frequency of the transfer characteristics of the steering angle
to the yaw rate. Hence, the torque T 1s approximately
proportional to the steering angle 0. Consequently, feeding
back a torque signal, which is proportional to *y(s) in
expression 17, allows the generation of a steering angle
signal, which 1s 1n synchronism with the rate of change in the
yaw rate. As a result, damping 1s applied on the yaw rate.
The reason for this has been described hereinabove.

1(5)=bo/(s+a, 's+2,) 0(s) T(5)=0(s) (18

FIG. 9 illustrates a block diagram for obtaining a transfer
function shown 1n FIG. 10, which 1s obtained when the
constant K 1s greater than constants m and c, the block
diagram shown in FIG. 10 1s taken. Referring now to FIG.
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9, block 350 shows a transfer function of the steering
system, and block 351 indicates a transfer function of the
vehicle. The block diagram shown 1 FIG. 10 1s expressed
as expression (19):

v(s)/T(s)=(1/K)-b,/(s*+(a,+Kd)-s+a,) (19)

Hence, damping 1s applied on the yaw rate. As mdicated
in expression (19), since damping (a,+Kd) which affects the
natural frequency a, of the vehicle 1s increased, the conver-
ogence speed will not be 1impaired. Because variables a,, a,,
by, and b, have speed as a parameter, 1t 1s preferable to
change their values 1n accordance with the velocity of the
vehicle.

A control apparatus according to the present mvention
generates a convergence signal for converging a yaw rate
based on a relation between a steering angle of an electric
power steering system and the yaw rate of a vehicle, so that
the convergence of the yaw rate 1s ensured. In addition, the
apparatus prevents the yaw rate under the control from
becoming slower than the convergence speed of the yaw rate
that 1s peculiar to the vehicle.

FIG. 11 illustrates an example of experimental character-
Istics 1n two cases, 1.€., one case where a yaw rate conver-
gence control has been performed and the other case where
no such a control has been performed. From the experimen-
tal result, 1t may be understood that the present invention 1s
highly advantageous.

What 1s claimed is:

1. A control apparatus for an electric power steering
system for controlling a motor that provides a steering
mechanism with a steering assist force, including a first
computing means for computing a steering assist command
value based on a steering torque generated on a steering
shaft, a second computing means for computing a current
control value from the steering assist command value and a
motor current value and a control means for controlling the
motor based on the current control value, wherein the
control apparatus comprising;:

a detecting means for detecting a rate of change 1n a yaw
rate of a vehicle and a damping means for damping the
yaw rate based on the rate of change 1n the yaw rate.

2. A control apparatus for an electric power steering
system according to claim 1, wherein the detecting means
includes a third computing means for computing a steering
angular velocity and an estimating means for estimating a
yaw rate differential.

3. A control apparatus for an electric power steering
system according to claim 2, wherein an estimated value of
the motor angular velocity *0 1s mnputted to said third
computing means.

4. A control apparatus for an electric power steering,
system according to claim 3, wherein said estimating means
carries out an equation of

(bos+b,)/(s*+a,-s+a,)-h-*6.

where s denotes Laplace operator, b,, b, a,, a, constants and
h speed reduction ratio.
5. A control apparatus for an electric power steering

system according to claim 3, wherein said rate of change in
the yaw rate 1s obtained by detection of the yaw rate and a

differential of a detection signal.
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